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Abstract Sediment budget and sediment availability are direct metrics for evaluating the resilience of
coastal bays to sea‐level rise (SLR). Here we use a high‐resolution numerical model of a tidally
dominated marsh‐lagoon system to explore feedbacks between SLR and sediment dynamics. SLR
augments tidal prism and inundation depth, facilitating sediment deposition on the marsh platform. At
the same time, our results indicate that SLR enhances ebb‐dominated currents and increases sediment
resuspension, reducing the sediment‐trapping capacity of tidal flats and bays and leading to a negative
sediment budget for the entire system. This bimodal distribution of sediments budget trajectories will
have a profound impact on the morphology of coastal bays, increasing the difference in elevation
between salt marshes and tidal flats and potentially affecting intertidal ecosystems. Our results also clearly
indicate that landforms lower with respect to the tidal frame are more affected by SLR than salt marshes.
1. Introduction
Coastal bays are ecologically and commercially valuable areas located at the interface of land and ocean.
Shallow coastal bays are typically composed of salt marshes and tidal flats (Fagherazzi et al., 2012;
Redfield, 1972). Salt marshes support biodiversity, improve water quality by filtering nutrients and pollu-
tants, mitigate river floods, protect against storm damage, and sequester carbon in the soil (Alizad et al., 2018;
Ganju et al., 2017; Kirwan et al., 2016; Morris et al., 2002). Tidal flats provide stopover and breeding habitats
for birds, dissipate wave energy, and are commercially important for the shellfish industry (Murray
et al., 2019).
The location of coastal bays makes them vulnerable and sensitive to sea‐level rise (SLR) (Stevenson
et al., 1986). Complex interplay between rivers, tides, and waves control sediment fluxes in a bay and drive
its long‐term evolution. For instance, reduced sediment supply is considered as the main factor causing
marsh deterioration and erosion of bay substrate in the Mississippi River delta (Reed, 1995; Syvitski
et al., 2009). Similarly, sediment loss has changed the morphology of the Venice Lagoon, Italy, and San
Pablo Bay, USA, deepening tidal flats and reducing the network of tidal channels (Carniello et al., 2009;
Jaffe et al., 2007). Predicting the morphological response of costal systems to SLR is crucial, because of the
alarming global SLR projections with a maximum scenario reaching 2 m by 2100 (Parris et al., 2012;
Ranger et al., 2013; Sweet et al., 2017). Determining whether costal bays are stable and in equilibrium under
SLR requires the quantification of sediment fluxes, and in particular the exchange of material between dif-
ferent geomorphic units like tidal flats and salt marshes (Duvall et al., 2019; French, 2006; Lacy et al., 2019).
Sediment inputs are required to accrete tidal flats and salt marshes in addition to organic matter contribu-
tion and maintain constant water depths in a period of accelerated SLR (Horton et al., 2018; Schuerch
et al., 2019).
Previous process‐based studies showed that SLR could gradually reduce the intertidal area of bays and lead
to severe incision, especially in deeper channels (Alizad et al., 2016; Elmilady et al., 2019; FitzGerald
et al., 2008; Ganju & Schoellhamer, 2010; Zhou et al., 2013). In San Pablo Bay and Suisun Bay, California,
USA, while SLR may initially increase sediment retention and deposition because of reduced wave erosion
due to an increase in water depth, limited sediment supply would eventually lead to erosion. While informa-
tive, process‐based studies typically utilize long‐term morphological numerical simulations whose spatial
resolution is too coarse to capture potential differences in salt marsh and tidal flat response to SLR observed
in field studies (Allen, 2000; Cahoon et al., 2006; Kirwan et al., 2016; Redfield, 1972). In order to more
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accurately predict future changes in the morphology and ecosystem functioning of coastal bays, future mod-
eling efforts need to account for these different responses.
To better understand the resilience of salt marshes to SLR, a number of studies have utilized coupled
geomorphological/ecological models which assume a marsh accretion rate proportional to the inundation
period and a suspended sediment concentration (SSC) spatially uniform (Belliard et al., 2016; D'Alpaos
et al., 2011; Donatelli, Ganju, Fagherazzi, et al., 2018; Donatelli, Ganju, Zhang, et al., 2018; Kirwan
et al., 2010; Mariotti & Fagherazzi, 2012). These models represent a step forward; however, they have a lim-
ited ability to accurately predict the response to SLR since they neglect the complex sediment dynamics
betweenmarsh surfaces and tidal flats and devote little attention to addressing the stability of physically con-
nected tidal flats, crucial for understanding the response of the coastal bay system.
SLR affects hydrodynamic and sediment fluxes in coastal bays, ultimately determining the trapping capacity
of sediments on tidal flats and marsh platforms and the sediment budget of the entire systems; yet these
dynamics are not fully understood. To fill this gap, we use a high‐resolution numerical model (Delft3D) of
Plum Island Sound, MA (USA), a tidally and marsh dominated system. We couple a vegetation module to
hydrodynamics and sediment transport to study the influence of different SLR scenarios on tidal flows, bot-
tom erosion, resuspension of bed sediments, and trapping capacity of cohesive and non‐cohesive sediments
within the entire system. Our quantitative approach is general and can be used as a template to determine
the response of any coastal bay to SLR.
2. Study Site
Plum Island Sound (Figure F11a) is a tidally dominated bay characterized by expansive salt marshes. The bay is
located along the northeastern shoreline ofMassachusetts, USA, and it covers an area of about 59.8 km2 with
more than 60% dominated by Spartina alterniflora and Spartina patens marshes (Figure 1d). The narrow
sound extends approximately 12 km in the north‐south direction and receives waters from three distinct flu-
vial watersheds: the Parker, Rowley, and Ipswich Rivers. The tide is semidiurnal with mean tidal range of
2.6 m. The mean depth of the sound is 3.0 m with a maximum depth of about 10 m at the inlet
(Figure 1c). Wind waves act mainly on shallow tidal shoals (<1m), and the induced shear stresses are 1 order
of magnitude smaller than those due to tides (Fagherazzi et al., 2014). The total monthly freshwater dis-
charge of the three rivers ranges from 1.40 to 15.4 m3·s−1 but is negligible compared to the tidal prism
(approximately 6.37 × 107 m3 in a spring tide, Zhang et al., 2019). The bed composition is a mixture of
mud (0–63 μm), very fine sand (63–125 μm), fine sand (125–250 μm), and medium sand (250–500 μm), with
more mud in tidal flats along the marsh boundaries and more sand in the sound (Fagherazzi et al., 2014,
Figure 1e). Since riverine sediments provide less than 10% of the necessary volume, maintaining marsh ele-
vation close to the high tide mark will require significant supply from tidal flats and oceanic sources
(Hopkinson et al., 2018). The rate of SLR is about 2.8 mm·yr−1 in this region (Claessens et al., 2006), and
sea level has increased by 0.3–0.5 m from 1921 to 2015 (Figure 1b).
3. Methods
3.1. Model Setup
Hydrodynamics and sediment transport were simulated using a high‐resolution (20 m × 20 m) 2‐D Delft3D
FLOW/MOR model (Lesser et al., 2004), incorporating a 2‐D vegetation module (Baptist, 2005; Horstman
et al., 2013; Temmerman et al., 2005). The domain consists of 703 × 410 grid cells with three river inputs
and three ocean open boundaries (supporting information Figure S1). The resolution of the mesh is suffi-
cient to capture the main tidal channels and the propagation of the tide in the system (Zhang et al., 2019).
The daily riverine discharges prescribed at the river boundaries were 1 m3·s−1 for the Parker River,
0.2 m3·s−1 for the Rowley River, and 5 m3·s−1 for the Ipswich River. Tidal forcing at the three open ocean
boundaries employed modified tidal harmonics generated from the large‐scale ADCIRC model of the
Atlantic Coast (Szpilka et al., 2016, Table S1). Compared to four observation sites across the system, the
model accuracy has an error in harmonic amplitude less than 5 cm and in phase less than 5°
(Figures 1a and S2).
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The topography was obtained from a combination of Lidar‐derived digital elevation models and GPS
bathymetric measurements. The error in the elevation of the salt marshes was deemed acceptable
(Alizad et al., 2020). Details on bed roughness and representative vegetation parameters used in the simula-
tions can be found in Zhang et al. (2019). Properties of the cohesive sediment class and three non‐cohesive
sediment classes employed in model experiments were based on bed samples and field resuspension experi-
ments (Tables S2 and S3 and Figure S6). Following Van der Wegen et al. (2011), we implemented numerical
simulations to generate a synthetic bed composition (supporting information Part 2), to be used as the initial
bottom condition (Figure 1e). Optimized parallel computing resources were tested to enable full morpholo-
gical simulations with a high‐spatial resolution (Table S5).
3.2. Model Experiments
Three different sets of experiments were undertaken to understand how SLR would alter coastal bay envir-
onments and their habitats. The series of experiments are described below:
Experiment 1: Initial SSC = 30mg/L, fixed sediment bed. These simulations allow sediment in the water col-
umn to settle to the bed and be resuspended. By imposing a fixed bed, we can investigate the
fate of new material entering the system via the water column and determine what propor-
tion of material is retained by the different coastal bay environments under each SLR sce-
nario. Six SLR scenarios were employed, Sea Level = MSL, MSL + 0.1 m, MSL + 0.2 m,
Figure 1. (a) Locations of Plum Island Sound, bed samples, and validation sites. S1 tidal station is at Ipswich Bay Yacht Club pier; S4 tidal station is in the Parker
River near Route 1A Bridge. S2 and S3 are ADCP measurement sites in 2010 and 2017, respectively. The NOAA station 8441241 is indicated with a red
triangle; (b) mean sea level recorded at NOAA station 8443970; (c) water depth; and (d) spatial distribution of upland, marsh, and open water. (e) Initial bottom
conditions: Volume fractions of four sediment classes obtained from a combination of field data and numerical simulations.
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MSL+ 0.3 m,MSL + 0.4 m, andMSL + 0.5 m. Experiment
1 simulations were ran for two spring neap tidal cycles
(30 days).
Experiment 2: Initial SSC = 0 mg/L, active sediment bed. In these experi-
ments, we investigate resuspension, transport, and fate of
sediment originating from the bed under the six different
SLR scenarios previously employed. To this end we used
the sediment bed with variable composition detailed in
section 3.1 and associated supporting information
(Tables S2 and S3 and Figures 1e, S4, and S5). Initial
SSC was set to 0 mg/L to ensure that all material trans-
ported can be attributed to resuspension from the sedi-
ment bed. For these experiments, it was assumed that
the bed morphology was the same at the beginning of
each SLR scenario. In this way, potential changes in bed
morphology are ignored. Experiment 2 simulations ran
for a single spring neap tidal cycle (15 days).
Experiment 3: Incremental sea level, dynamic morphological response. To
better mimic the process of a gradually increasing sea
level, we conducted full long‐term morphological simula-
tions of 25 years applying a morphological factor (MF) of
50, with sea level at the ocean boundary increasing line-
arly by 2 cm·yr−1, for a total of 50 cm (Figure F44). The rate
of SLR applied reflects high‐end projections of 2 m by
2100 (Church et al., 2013; Parris et al., 2012; Ranger
et al., 2013; Vermeer & Rahmstorf, 2009). Simulation time
was limited to 25 years since higher‐resolution models are
typically affected by cumulative errors (Ranasinghe
et al., 2011). We designed an extra control experiment
with the same setup as in Experiment 3 but with a fixed
bed, to evaluate the potential effect of morphological
changes on sediment remobilization and trapping within
the lagoon.
Analysis of spatial erosion and deposition patterns, tidal flow, and tidal
asymmetry for the various simulations and SLR scenarios were underta-
ken to determine the physical mechanisms affecting sediment budgets
in the whole coastal bay system and within the different coastal bay
environments.
4. Results
To quantitatively evaluate sediment dynamics within the estuary, we
separate the system into marsh platform, tidal flats (including also tidal
channels, Figure 1d), and shelf. The first set of experiments show that
the trapping capacity of alloctonous sediment on the marsh platform
increases with SLR, while that in the tidal flats decreases. The total sediment captured by the system
decreases as sea level increases. A SLR of 0.5 m leads to 6.6% more sediment deposited on the marsh plat-
form, 12.1% less sediment is trapped in the tidal flats, and a loss of 5.5% for the entire system (Figure F22a).
In the second set of experiments, results show that more bottom sediments are resuspended into the water
column as sea level increases (Figure 2b). A SLR of 0.5 m leads to 35%more mud resuspended into the water
column, and an increase of 60%, 58%, and 68% for very fine sand, fine sand, and medium sand, respectively.
Some of these resuspended sediments then flushed out the bay by ebb tides. The retention capacity of auto-
chthonous sediments in the system is reduced by 39% for mud, and by 166%, 195%, and 223% for the three
sand classes (Figure 2c).
Figure 2. (a) Trapping capacity of suspended sediments on the marsh
platform, tidal flats (including also tidal channels), and entire bay
(lagoon) system (marsh + tidal flats) under different SLR scenarios. The
trapping capacity is the percent of initially released sediments in the water
column deposited in different parts of the system. The amount of
resuspended sediments (b) and sediment budget within the lagoon
(c) averaged in two spring tidal cycles for different bed compositions:
Mud, very find sand, fine sand, and medium sand for five SLR scenarios.
Negative values (c) indicate sediments escaping the lagoon.
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Tidal flows within the sound become more ebb dominated with SLR (Figures F33a–3c and S8); correspond-
ingly, more bottom sediments are resuspended during ebb than during flood for all sediment classes
(Figures 3, S9, and S10). During flood, SLR decreases the SSC of mud in the Parker River and in the upper
sound while SSC increases in the lower sound, especially in the area bordering the Rowley River (Figure 3d).
During ebb more mud is suspended in the water column in the tidal flats and rivers (Figure 3e), favoring
sediment export outside the sound. This SSC asymmetry is even more obvious for sand fractions
(Figures S9 and S10).
After a 25‐year‐long morphological simulation with a 0.5‐m total increase in sea level, intensive incision
occurred in the lower sound and in the deep channels, while areas bordering marsh edges accreted
(Figures 4a–4c). The yearly increase in sea level (2 cm·yr−1) led to increased deposition of fine‐grain sedi-
ments on the marsh, relative to present‐day deposition (Figure 4d). At the same time, the sediment budget
for the entire system decreased, with total erosion an order of magnitude larger than deposition on the
marsh (Figure 4e). By keeping the bed fixed, the total amount of sediment exported out of the system after
25 years was reduced by about 50%.
Variations in tidal asymmetry within the soundmay also affect sediment transport and the trapping capacity
of the entire system (Friedrichs & Aubrey, 1988; Van der Wegen, 2013). However, the change of M4/M2
amplitude ratio is small (Figure S7, Pawlowicz et al., 2002). The ocean inlet, lower sound, and Parker
River experience higher flow shear stresses during ebb when sea level increases (Figure 3), while the
increase of maximum shear stress during the flood period is very limited (Figure S8). Sediment budget
Figure 3. Difference in key parameters between the MSL + 0.5 m scenario and the MSL scenario. PR, RR, and IR indicate locations of the Parker, Rowley,
and Ipswich Rivers, respectively. Change in maximum shear stress for a spring tide cycle, during flood (a) and ebb (b), where positive values depict an
increase due to SLR. Change in maximum shear stress asymmetry (flood‐ebb) where negative values indicate a reduction in flood dominance due to SLR (c).
Change in SSC for the mud fraction at flood surge (d) and ebb surge (e). Change in SSC asymmetry (flood‐ebb) (f).
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depends not only on the magnitude of bottom shear stresses but also on the time interval during which flow
shear stresses exceed the critical shear stress for erosion within one tidal cycle (Figure S11). The longer this
period, the more time the tide has to export material out of the system. SLR of 0.5 m extended by more than
20% the time period during which bottom shear stress exceeds the critical shear stress for mud
(τ = 0.1 N·m−2) (Figure S6, Kalnejais et al., 2010) and the critical shear stress for medium sand
(τ = 0.21 N·m−2) (Figure S11, Van Rijn, 1993). While this allowed more sediment to flush out of the
system during ebb cycles, an increase in resuspension of the mud fraction during flood cycles contributed
to increased deposition of this sediment fraction on the marsh platform in response to higher sea levels.
5. Discussion
Plum Island Sound is a typical shallow bay consisting of salt marshes and tidal flats and is therefore an ideal
place to test the effect of SLR on sediment budgets utilizing high‐resolution (20 m) numerical simulations.
Although our morphological simulations are limited to several decades, our results captured the variability
of sediment deposition across the system in response to SLR. This is exemplified by the increase in sediment
deposition on marsh platforms and increased sediment erosion in the tidal flats within the shallow bay.
SLR caused higher bottom shear stresses during ebb cycles, most prominently seen in deep channels and the
lower sound, and an overall shift toward ebb‐dominant tidal currents. These results are in agreement with
hydrodynamic simulations in the Ria Formosa lagoon along the Portuguese coast (Carrasco et al., 2018),
where peak‐flood velocities on the marsh platform slightly increase tidal currents, and the main inlet
Figure 4. Sediment deposition and erosion patterns for the 25‐year MSL + 2 cm·yr−1 morphological simulation (SLR scenario) compared against the 25‐year
MSL + 0 cm·yr−1 morphological simulation (no SLR scenario). Change in bed thickness at the end of the 25‐year simulations (SLR scenario‐no SLR scenario)
where deposition indicates increased bed thickness (a). Change in bed thickness in zoomed area (b) and along two transects (a‐a′, b‐b′) across the marsh
platform and channels (c). Difference in sediment deposition for four sediment size classes averaged over spring neap tidal cycles, on the marsh platform (d),
and inside the lagoon (e) over time (SLR scenario‐no SLR scenario). Dash lines in (d) and (e) are results with a fixed bed (no morphological change).
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becomes less flood dominant with SLR. In the Virginia Coast Reserve, USA, Mariotti et al. (2010) showed
that SLR would lead to resuspension and subsequent scour of lagoon beds due to higher bottom shear stress
during a tidal cycle. Our simulations also show that higher bottom shear stresses during ebb resuspendmore
sediments into the water column, favoring the export of material out of the sound, and thus reducing the
sediment stock of the system.
Several tidal flats are eroded because of an increase in sea level (Figure 4a). A larger tidal prism triggered by
SLR augments velocities and bottom shear stresses, resuspending sediment from tidal flats. A similar
mechanism was also observed by Donatelli, Ganju, Zhang, et al. (2018); in their simulations the deteriora-
tion of salt marshes resulted in an increase of tidal prism and the erosion of tidal flats, reducing the stock
of material available for long‐term marsh accretion. Our results further show that with dynamic morpholo-
gical simulations the flux of sediment out of the bay is larger with respect to simulations using a fixed bed
(Figure 4e). This is because the erosion of intertidal flats increases the tidal prism, promoting further erosion.
This positive feedback could remove large volumes of sediment from the bay, possibly jeopardizing impor-
tant sources of material for the salt marshes.
Interestingly, the increase of bottom sediment flux out of the system in response to higher sea levels is more
significant for the sand fraction than for the mud fraction. This is because flood currents under higher sea
levels are sufficient to resuspendmud, but not sand, from the sound bed, transporting it onto the marsh plat-
form where the mud deposits and is retained (Zhang et al., 2019). In contrast, only ebb currents are fast
enough to erode the sand and transport it to the ocean. Marshes therefore act as a storage area for fine sedi-
ments during higher sea level conditions (Figure 4a). The different behavior of mud and sand fractions is a
mechanism which may allow salt marshes to keep pace with SLR. This sorting process has been observed in
the microtidal Great Sippewissett Marsh, MA, USA, where the entire mud fraction at the bottom was almost
completely replaced with sand between 1979 and 2015 (Valiela et al., 2018). In a mesotidal system in
Southeastern Essex, England, it was observed that fine‐grain sediments eroded from the marsh edge are
responsible for marsh accretion on the platform in response to SLR (Reed, 1988). Sediment coarsening at
the delta front was observed in the Yangtze Delta, China, where erosion provided sediments to sustain salt
marshes despite increasing sea levels and reduced riverine sediment loads in the last half century
(Yang et al., 2018, 2020).
While the results of this study are based on only one bay, the key conclusions are of general validity: An
increase in water level favors sediment storage in salt marshes if sediment is available, while an increase
in tidal prism and related tidal currents triggers erosion of bottom sediments in tidal flats and channels.
The erosion of bay beds may affect both ecosystem functioning and geomorphic stability. Increased water
depth and SSC in the bay can affect light availability and therefore benthic primary production and the
growth of submerged aquatic vegetation (Lawson et al., 2007). The increased tidal inundation would also
decrease the periods during which tidal flats are subaerial, threatening habitats for birds and shellfish
(Field et al., 2017). Because of SLR, wind waves might lead to more erosion at marsh edges. First because
increased water depths reduce wave energy dissipation within the bay (Li et al., 2019; Mariotti et al., 2010);
second the bimodal geomorphic change explored herein would increase the height of the marsh scarp, mak-
ing it more vulnerable to wave attack (Koppel et al., 2004).
The lack of information on inner‐shelf bottom data and the absence of processes that resuspend these sedi-
ments and transport them in the sound is a limit of our study. Without accounting for the sediment import
from the ocean, we cannot close the sediment budget for the entire system (Hopkinson et al., 2018). In many
systems (e.g., Virginia, USA, and island of Sylt, Germany), it was found that intense storms can resuspend
sediments along the shelf and transport them to shallow bays and salt marshes (Castagno et al., 2018;
Lacy et al., 2019; Schuerch et al., 2012). The Labrador Current, Warm Core Rings, and the Gulf Stream
can also affect the along shelf transport and therefore the marine fluxes of sediment in Plum Island
Sound (Townsend et al., 2015; Zhang et al., 2016). Future research should evaluate the contribution of waves
and shelf currents to sediment budgets under SLR.
Only high‐spatial‐resolution numerical models (tens of meters) can capture sediment dynamics between
tidal flats, tidal creeks, and marsh platforms (Table S5). Many salt marsh modeling studies assume that
the morphology does not change, while process‐based morphological models in real systems
(e.g., Western Scheldt, Suisun Bay, San Pablo Bay, and Yangtze Estuary) are generally too coarse to
10.1029/2020GL087862Geophysical Research Letters




































































capture dynamics between marshes, tidal flats, and tidal channels (Dam et al., 2016; Elmilady et al., 2019;
Ganju & Schoellhamer, 2010; Zhou et al., 2013). Under SLR, the increased tidal prism can erode tidal flats,
intensify ebb tidal flows, and further decrease sediment stocks. Ignoring these feedbacks caused by morpho-
logical changes in salt marsh models would lead to an overestimation of sediment trapping in bay systems.
6. Conclusion
SLR can directly affect hydrodynamics, sediment transport, andmorphological stability of coastal bays. Tidal
flats and salt marshes behave differently in terms of sediment budget and trapping capacity after an increase
in sea level. SLR facilitates sediment deposition on the marsh platform due to an increase in inundation
depth and hydroperiod. Within the connected shallow bay, SLR enhances erosion of tidal flats and tidal
channels via ebb‐dominated currents and reduces the sediment‐trapping capacity of bay beds, leading to a
negative sediment budget for the entire system. Our results therefore indicate that landforms lower in the
tidal frame are more affected by SLR and will experience more change in the future. With a worldwide
decrease in riverine sediment loads caused by anthropogenic perturbations, a net export of sediment from
coastal bays triggered by SLR will further compromise the coastline morphology. SLR is likely to reshape
coastal bays and therefore affect their delicate ecosystems.
Data Availability Statement
The topography data are provided by LTER‐PIE (https://pie‐lter.ecosystems.mbl.edu/data). Simulations are
available at the website (http://doi.org/10.5281/zenodo.3360873).
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